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Abstract—We have previously demonstrated the significance of endothelial cell-expressed
aSP1 integrin in ischemic stroke, having shown that a5p1 integrin endothelial cell-selective
knockout mice are significantly resistance to ischemic stroke injury via preservation of the
tight junction protein claudin-5 and subsequent stabilization of the blood—-brain barrier
(BBB). In addition, inhibition of a5p1 by the small peptide noncompetitive integrin o5
inhibitor, ATN-161, is beneficial in a mouse model of ischemic stroke through reduction
of infarct volume, edema, stabilization of the BBB, and reduced inflammation and immune
cell infiltration into the brain. In continuation with our previous findings, we have further
evaluated the mechanistic role of ATN-161 in vitro and found that oxygen and glucose
deprivation and reperfusion (OGD/R)-induced inflammation, oxidative stress, apoptosis,
mitochondrial depolarization, and fibrosis attenuate tight junction integrity via induction of
oS, NLRP3, p-FAK, and p-AKT signaling in mouse brain endothelial cells. ATN-161 treat-
ment (10 uM) effectively inhibited OGD/R-induced extracellular matrix (ECM) deposition
by reducing integrin o5, MMP-9, and fibronectin expression, as well as reducing oxidative
stress by reducing mitochondrial superoxide radicals, intracellular ROS, inflammation
by reducing NLRP3 inflammasome, tight junction loss by reducing claudin-5 and ZO-1
expression levels, mitochondrial damage by inhibiting mitochondrial depolarization, and
apoptosis via regulation of p-FAK and p-AKT levels. Taken together, our results further
support therapeutically targeting o5 integrin with ATN-161, a safe, well-tolerated, and
clinically validated peptide, in ischemic stroke.
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ischemic stroke [1, 2]. Both treatments result in recanali-
zation/reperfusion, which, although beneficial, can also
result in so-called brain ischemia/reperfusion (I/R) injury.
A common cause of I/R injury is the rapid inflow of flu-
ids following an acute/chronic occlusion of blood, nutri-
ents, and oxygen to the tissue triggering the formation of
free radicals. Ischemic stroke is followed by blood—brain
barrier (BBB) dysfunction and vasogenic brain edema
[3]. Structurally, tight junctions (TJs) between brain
endothelial cells play an important role in maintaining
the integrity of the BBB. I/R injury leads to an inflam-
matory response that triggers oxidative stress, cellular
apoptosis, mitochondrial damage, extracellular matrix
(ECM) degradation, with disruption of TJ integrity, and
causes BBB breakdown and brain damage. However, the
mechanism of I/R injury needs extensive investigation to
identify effective therapies [4].

The integrin receptor family is a group of cell sur-
face transmembrane glycoprotein receptors for the ECM
composed of noncovalently bound a and f subunits and
expressed throughout the body, including in the vascula-
ture [5, 6]. Integrins play important roles in cell migra-
tion, cellular adhesion, and cellular survivability. One
integrin family member, integrin a5fp1, is of vital inter-
est due to its increased expression in hypoxia and stroke
models. We and other groups have previously shown that
integrin a5p1 induction and its mediated downstream
signaling play a critical role in the pathology of ischemic
stroke and brain hypoxia [7-10].

Our laboratory has shown that endothelial cell-
specific integrin a5p1 gene deficiency results in significant
resistance to ischemic stroke injury in mice [11]. Further-
more, treatment with a novel a5f1 integrin inhibitor, the
pentapeptide ATN-161, reduces neuroinflammation, sta-
bilizes ECM remodeling and is neuroprotective in murine
ischemic stroke and protection from SARS-CoV-2 infec-
tion in k18-hACE2 transgenic mice [12, 8]. To further
elucidate ATN-161’s precise therapeutic mechanisms of
action, we studied ATN-161 in an in vitro model of stroke,
oxygen—glucose deprivation/reoxygenation (OGD/R) in
brain endothelial cells. We found that ATN-161 effectively
protected endothelial cells against OGD/R induced pathol-
ogy by inhibiting oxidative stress, inflammation, collapse
of mitochondrial membrane potential (MMP), fibrosis,
and tight junction loss via its mechanistic inhibition of
a5p1 induced NLRP3 mediated FAK and AKT signaling.
Taken together, our results suggest that inhibition of a5p1
integrin by ATN-161 is a promising novel target for the
clinical treatment of ischemic stroke.
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MATERIALS AND METHODS

Cell Culture and Treatments

Mouse brain microvascular endothelial cells
(bEnd.3) were obtained from American Type Culture Col-
lection (ATCC; Manassas, VA, USA). Cells were grown
in high-glucose DMEM medium supplemented with 10%
FBS and 1% penicillin/streptomycin (Thermo Scientific,
Rockford, IL, USA) in a 37 °C humidified incubator with
95% air and 5% CO, (Thermo Fisher Scientific, Waltham,
MA, USA). Cells were cultured and multiplied in 75-cm?
culture flasks. Cells cultured in 6-well plates were used
for western blotting and other cell assays. The cells were
cultured in 8 well chamber slides for immunofluorescence
staining. Cells were pretreated with freshly prepared
ATN-161 (5, 10, 25, and 50 uM) (Medkoo Biosciences,
Morrisville, NC, following the instructions of the manu-
facturer) 1 h before oxygen—glucose deprivation (OGD)
and during OGD/reoxygenation (OGD/R).

OGD/R Treatment

OGD/R was induced in 70% confluent bEnd.3 cells
by washing cells with fresh medium, which was then
replaced with glucose-free DMEM and then incubation
with 95% N2/5% CO, for 6 h. Cells were then regluco-
nated and reoxygenated by placing them in fresh nor-
mal DMEM and in an incubator with 95% air/5% CO,
(normoxia), respectively. Control cells were incubated
with normal medium for 6 h, and replaced with normal
medium with normoxic conditions in a manner identical
to that for OGD/R [11, 13].

Mitochondrial Superoxide Estimation

MitoSOX was measured using the fluorogenic
probe MitoSOX Red (Invitrogen, Paisley, UK). In live
cells, MitoSOX Red selectively enters mitochondria and
emitted red fluorescence when oxidized by superoxide
anions. After 6 h, OGD cells were switched to reoxygena-
tion for 24 h and incubated for 20 min at 37 °C with Mito-
SOX Red (2.5 mmol/L). Cells were then washed with
HBSS to remove excess dye, and fluorescence images
were immediately captured using a ZOE Fluorescent Cell
Imager (Bio-Rad, CA, USA) under excitation wavelength
510 nm and emission wavelength 580 nm. MitoSOX Red
fluorescence per cell was quantified by Image J analysis
software (version 1.41; NIH) [14, 15].
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Estimation of Intracellular ROS

Intracellular levels of reactive oxygen species
(ROS) were detected using DCFDA/H2DCFDA.
bEnd.3 cells were loaded with 20 pM DCFDA for
20 min at 37 °C and washed twice with HBSS. Fluores-
cence images were immediately captured using a ZOE
fluorescent cell imager (Bio-Rad, CA, USA) under
excitation wavelength 495 nm and emission wave-
length 529 nm [16, 17]. DCFDA green fluorescence
per cell was quantified by ImageJ analysis software
(version 1.41; NIH).

Flow Cytometric Analysis for Oxidative Stress

Intracellular levels of ROS were further validated
by staining the cells with DCFDA (Abcam, MA, USA)
and analyzed with a Beckman Coulter Epics Galios flow
cytometer with 2 lasers and 8 detectors running Galios
software (v1) (Miami, FL, USA) and Kaluza software
(version 1.3, Beckman Coulter, Brea, CA, USA) will be
used for post acquisition analysis. After OGD 6 h/reoxy-
genation 24 h, cells were washed with HBSS and loaded
with 20 pM DCFDA for 20 min at 37 °C. Next, cells were
trypsinized, resuspended, and placed on ice. DCFDA
fluorescence was measured using a Beckman Coulter
Epics Galios flow cytometer at an excitation/emission
wavelengths of 488/540 nm, and data analyzed using the
Galios software (v1).

Immunoblotting

The cells were lysed using RIPA buffer (VWR,
Matsonford, PA), and protein concentration was
measured using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA). Protein sam-
ples (10 ng) were loaded onto SDS-PAGE gels (Bio-
Rad Mini-PROTEAN TGX), electrophoresed at 90 V
and transferred to PVDF membranes using the iBlot
2 dry blotting system (Invitrogen, Paisley, UK). The
membranes were blocked with the EveryBlot Blocking
Buffer (Bio-Rad, CA, USA) for 15 min and probed with
primary antibodies (listed in Supplementary Table 1)
at 4 °C overnight. The membranes were washed thor-
oughly with PBS doped with 0.05% Tween® 20 and
incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (listed in Supplementary Table 1) for
1 h at room temperature. Lastly, the membranes were

imaged using the ChemiDoc™ MP imaging system
(Bio-Rad, CA, USA). Densities of each band were
normalized to those of pB-actin or GAPDH, whereas
phosphorylated proteins were normalized to those of
total proteins and analyzed by Image J analysis software
(version 1.41; NIH).

Immunocytochemistry

Immediately following OGD 6 h/reoxygenation 6
or 24 h with vehicle or ATN-161 treatment, the cells
were fixed in 100% methanol, washed with PBS, and
then incubated with peroxiabolish (Biocare Medical,
Concord, CA) for 10 min to block endogenous peroxi-
dase. The cells were washed with PBS, blocked with
Rodent M Block (Biocare Medical, Concord, CA) for
15 min at room temperature, and then incubated with
primary antibodies (Supplementary Table 2) prepared
in DaVinci diluent (Biocare Medical, Concord, CA)
overnight at 4 °C. The cells were then washed with
PBS four times and incubated with Alexa Fluor 568
or 488 conjugated secondary antibodies (Supplemen-
tary Table 2) (Life Technologies; 1:400), for 45 min at
room temperature. After three washes with PBS, cells
were mounted using Vectashield containing DAPI
(Vector Labs, Burlingame, CA, USA). The images
were obtained using a fluorescence microscope (TS2R,
Nikon, Tokyo, Japan). The antibody fluorescence posi-
tive pixels per cell was quantified using ImagelJ analysis
software (version 1.41; NIH).

Apoptosis Analysis by Annexin V/PI Staining
by Flow Cytometry

OGD/R-induced apoptosis and the effect of ATN-
161 in bEnd.3 cells was determined using Annexin V
assay. Cells were cultured in 6-well plates at a seeding
density of 3.5x 10° cells per well. After approximately
24 h, cells were subjected to OGD 6 h/reoxygenation 24 h
with vehicle or ATN-161. After OGD 6 h/reoxygenation
24 h, cells were stained with Annexin V-FITC and pro-
pidium iodide (PI) for 20 min at 37 °C. The cell popula-
tion was sorted into live, early apoptotic, late apoptotic,
and necrotic cells using Beckman Coulter Epics Galios
flow cytometer with 2 lasers and 8 detectors running Gal-
ios software (v1) (Miami, FL, USA). The results were
calculated as a percent of cells in late apoptosis.
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Measurement of Mitochondrial Depolarization

bEnd.3 cells were subjected to OGD 6/reoxygena-
tion 24 h and ATN-161 treatments as described above.
Mitochondrial depolarization was assessed using a JC-1
assay kit (Invitrogen, Paisley, UK). The cells were incu-
bated in the dark upon JC-1 (10 pg/mL) treatment at
37 °C for 20 min, then washed thrice with HBSS and
visualized using a ZOE Fluorescent Cell Imager (Bio-
Rad, California, USA). The JC-1 monomer was photo-
graphed under excitation wavelength 460 nm and emis-
sion wavelength 530 nm, whereas the JC-1 polymer was
photographed under excitation wavelength 520 nm and
emission wavelength 590 nm. Cells exhibiting red (poly-
meric) fluorescence were considered to have normal mito-
chondria, while the cells were considered to have depolar-
ized mitochondria if they exhibited green (monomeric)
fluorescence.

TEM Assay

The bEnd.3 cells were fixed in 2% glutaraldehyde
in 0.2 M phosphate buffer pH 7.4. The cells were scraped
off and centrifuged to a pellet. The cells were embedded
in 3% agarose (Sigma-Aldrich, St. Louis, MO) and put in
the same fixative overnight at 4 °C. The cells were then
rinsed four times in 0.1 M phosphate buffer pH 7.2 con-
taining 0.02 M glycine over a 12 h period. The samples
were then post-fixed in 2% osmium tetroxide for 1 h in
the dark, rinsed in deionized water three times, en bloc
stained in 1% uranyl acetate in the dark for 1 h, rinsed
in deionized water three times, dehydrated in gradient
ethanol and propylene oxide twice, and then infiltrated in
propylene oxide: Epon resin series for a 48 h period and
embedded in Epon at 60 °C for another 48 h. Ultra-thin
sections for transmission electron microscopy (TEM) were
cut on a Dupont Sorvall MT-2 microtome. TEM sections
were mounted on carbon-coated copper grids (EMS FCF-
150-CU), stained with 2% uranyl acetate and Reynolds
lead citrate, and the ultra-thin sections were visualized
with a JEOL JEM-1400, 120-kV transmission electron
microscope, and imaged with a Gatan digital camera [18].

Statistical Analysis

Data are demonstrated as the means + SEM and
analyzed by one-way ANOVA followed by a Tukey’s post
hoc test, using GraphPad Prism 8.0. Data significance
was determined as * or #p <0.05, ** or ##p <0.01, ***
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or ###p <0.001, and ****p <0.0001. Each experiment
was repeated separately three times.

RESULTS

ATN-161 Treatment Inhibits OGD/R-induced
Integrin a5 Receptor in bEnd.3 Cells

In the present study, we observed that bEnd3 cells
subjected to 6 h of OGD followed by different reoxygena-
tion time points showed increased expression of integrin
a5 (Fig. 1A), with maximum levels of expression reached
with OGD alone and OGD with 2—6 h post-reoxygenation
(Fig. 1B (i-ii)). Hence, we further evaluated the effect
of ATN-161 in bEnd3 cells subjected to 6 h of OGD,
followed by up to 6 h of reoxygenation (normal glucose
and normoxia; Fig. 1C). The cells were pretreated with
vehicle or ATN-161 (5, 10, 25, and 50 puM) for 1 h before
OGD and during OGD 6 h/6 h reoxygenation. As shown
in Fig. 1D (i-ii), western blot analysis revealed that
ATN-161 (10 uM) treatment significantly inhibited OGD
6 h/6 h reoxygenation induced a5 upregulation. Further,
we measured the o5 cellular expression in bEND.3 cells
upon OGD/R by immunofluorescence and the repre-
sentative fluorescence images show highly induced a5 in
OGD/R challenged cells compared to cells with vehicle
or ATN-161 (10 uM) treatment (Fig. 1E (i—iii)). ATN-161
(10 uM) treatment significantly inhibits OGD/R induced
a5 expression (Fig. 1E (iv—v)).

ATN-161 Protects OGD/R-induced
NLRP3-mediated Inflammation in bEnd3 Cells

Since integrins play critical roles in the induction of
inflammation [8, 19, 20], we next analyzed the NOD-, LRR-,
and pyrin domain-containing protein (NLRP) 3 inflamma-
some. Western blot analysis showed that OGD/R induces
NLRP3 inflammasome expression levels in bEND.3 cells
challenged with 6 h OGD and 24 h of reoxygenation com-
pared with control cells (Fig. 2A (i-ii)). ATN-161 treatment
significantly inhibits 6 h OGD/24 h reoxygenation induced
NLRP3 upregulation (Fig. 2B (i—ii)). Immunofluorescence
of NLRP3 in bEND.3 cells shows highly induced NLRP3
expression in OGD/R challenged cells compared to cells
with vehicle or ATN-161 treatment (Fig. 2C (i—iii)). ATN-
161 significantly reduced OGD/R induced NLPR3 inflam-
masome (Fig. 2C (iv)). The quantification of NLRP3 fluo-
rescence per cell is presented in Fig. 2C (v).
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Fig. 1 ATN-161 treatment inhibits OGD/R induced integrin a5 receptor in bEnd.3 cells. A Experimental protocol of OGD/R in bEnd.3 cells. bEnd.3 cells
were subjected to 6 h of oxygen—glucose deprivation (OGD) followed by different reoxygenation (R) time points as indicated. B (i) Representative western
blot images show a5 levels induced during OGD and continued with reoxygenation at 2, 4, and 6 h compared with bEnd.3 cells maintained in normal condi-
tions. B (ii) The immunoblot quantification, as normalized to GAPDH, shows OGD 6 h and OGD 6 h with reoxygenation of 2, 4, and 6 h significantly induces
oS5 upregulation. C Experimental protocol of different doses ATN-161 (5, 10, 25, and 50 uM) pretreatment in OGD 6 h/reoxygenation 6 h or 24 h challenged
bEnd.3 cells. D (i) The cells were pretreated with vehicle or ATN-161 (5, 10, 25, and 50 uM) for 1 h before OGD and during OGD 6 h/reoxygenation 6 h and
measured for a5 by western blot. D (ii) The immunoblot quantification, as normalized to p-actin, shows that ATN-161 (10 uM) treatment significantly inhibits
OGDJ/R induced a5 upregulation. E a5 cellular expression in bEnd.3 cells was measured after OGD 6 h/reoxygenation 6 h by immunofluorescence. E (i—iii)
Representative fluorescence images show highly induced a5 in OGD/R challenged cells compared to cells with vehicle or ATN-161 (10 pM) treatment. E (iv)
ATN-161 treatment significantly inhibits OGD/R induced a5 expression. E (v) a5 fluorescence per cell was quantified with ImageJ. Error bars represent the
mean+SEM from three independent experiments. *p <0.05, ** p<0.01 vs control or vehicle; # p <0.05, ## p<0.01 vs OGD/R; 60 x magnification, scale
bar=10 pm.
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bEnd.3 cells. A (i) NLRP3 western blot in 6 h OGD with reoxygena-

tion of 24 h compared with bEnd.3 cells maintained in normal conditions. A (ii) Quantification of Ai, as normalized to p-actin, shows OGD 6 h

with 24 h reoxygenation significantly induces NLRP3 levels. B (i) bEnd.3 cel

Is were pretreated with vehicle or ATN-161 (5, 10, 25, and 50 uM) for

1 h before OGD and during OGD 6 h/reoxygenation 24 h and measured for NLRP3 by western blot. B (ii) Quantification of B (i) shows that ATN-
161 treatment at 5, 10, and 25 uM significantly inhibits OGD/R induced NLRP3 upregulation. C NLRP3 cellular expression in bEnd.3 cells was

measured after OGD 6 h/reoxygenation 24 h by immunofluorescence. C (i

in OGD/R challenged cells compared to cells with vehicle or ATN-161 (10 u

iii) Representative fluorescence images show highly induced NLRP3
M) treatment. C (iv) ATN-161 treatment significantly inhibits OGD/R

induced NLRP3 expression. C (v) Quantification of NLRP3 fluorescence per cell. Error bars represent the mean+SEM from three independent
experiments. * p <0.05, ** p <0.01 vs control or vehicle; # p <0.05, ## p <0.01 vs OGD/R; 40 X magnification, scale bar =25 pm.

OGD/R-induced Oxidative Stress Is Inhibited
by ATN-161 Treatment in bEnd3 Cells

aS-induced NLRP3 inflammation generates oxi-
dative stress [21]. Therefore, we further measured oxi-
dative stress by estimation of mitochondrial superoxide

radical and intracellular ROS in bEnd.3 cells. The cells
were pretreated with vehicle or ATN-161 (10 uM) for
1 h before OGD and during OGD 6 h/24 h reoxygena-
tion. Fluorescence microscopy of MitoSOX Red dye
(which measures superoxide radicals) showed highly
induced superoxide radicals production in OGD/R
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Fig. 3 ATN-161 inhibits OGD/R induced oxidative stress in bEnd.3 cells. bEnd.3 cells were pretreated with vehicle or ATN-161 (10 uM) for 1 h
before OGD and during OGD 6 h/reoxygenation 24 h and measured for superoxide production and oxidative stress. A (i-iii) Mitochondrial super-
oxide production in live cells was measured using MitoSOX red dye by fluorescence microscopy, representative fluorescence images show induced
superoxide production in OGD/R challenged cells compared to cells with vehicle or ATN-161 treatment. A (iv) ATN-161 treatment inhibits OGD/R
induced superoxide production. A (v) MitoSOX Red fluorescence per cell was quantified using the ImageJ software. B (i—iii) Intracellular ROS was
measured after OGD/R using DCFH2DA dye by fluorescence microscopy, representative fluorescence images show induced intracellular ROS pro-
duction in OGD/R challenged cells compared to cells with vehicle or ATN161 treatment. B (iv) ATN-161 treatment inhibits OGD/R induced intra-
cellular ROS production. B (v) DCFH2DA green fluorescence per cell was quantified using the ImageJ software. C Intracellular ROS was further
validated after OGD/R using DCFH2DA dye by flowcytometry. C (i) Induced intracellular ROS production in OGD/R challenged cells was noticed
with high DCFH2DA-positive cells compared to vehicle or ATN-161 treatment. ATN-161 treatment inhibited ROS production observed by peak
shift compared to OGD/R challenged cells. C (ii) DCFH2DA green fluorescence positive cell population measured and presented. Error bars repre-
sent the mean+ SEM from three independent experiments. **** p <(0.0001, ** p <0.01 vs control or vehicle; # p <0.05, ## p<0.001 vs OGD/R;
10 X magnification, scale bar=100 pm.

challenged cells compared to cells with vehicle or OGDI/R induced intracellular ROS production (Fig. 3B
ATN-161 treatment (Fig. 3A (i—iii)), indicating that (iv—v)). This was further validated after OGD/R using
ATN-161 treatment significantly inhibits OGD/R DCFH2DA dye by flowcytometry. Induced intracel-
induced superoxide production (Fig. 3A (iv—v)). Fluo- lular ROS production in OGD/R-challenged cells was
rescence images of intracellular ROS, as measured by observed with high DCFH2DA-positive cells compared
DCFH2DA dye, showed highly induced intracellular to vehicle or ATN-161 treatment. ATN-161 treatment
ROS production in OGD/R challenged cells compared significantly inhibited ROS production observed
to cells with vehicle or ATN-161 treatment (Fig. 3B by peak shift compared to OGD/R challenged cells
(i—iii)). ATN-161 treatment significantly inhibits (Fig. 3C (i-ii)).
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ATN-161 Protects Against OGD/R-induced
Mitochondrial Damage and Apoptosis in bEnd3
Cells

As inflammation-induced oxidative stress affects
mitochondrial health [22], we next analyzed mitochon-
drial morphology by TEM analysis. OGD/R-challenged
cells showed an increase in mitochondrial size with vac-
uolations and disorganized cristae, whereas ATN-161
treated cells showed healthier mitochondria with organ-
ized cristae (Fig. 4A (i-iv)).

We further analyzed mitochondrial health by meas-
uring the mitochondrial membrane potential (MMP) in
bEnd.3 cells upon OGD/R by fluorescence microscopy
using the cationic fluorophore JC-1. We noted that more
depolarized mitochondria were identified by green fluo-
rescence in OGD/R-challenged cells compared to cells
with vehicle or ATN-161 treatment (Fig. 4B (ix—xi)).
ATN-161 treatment with OGD/R resulted in fewer
depolarized mitochondria (Fig. 4B (xii—xiii)). Since
mitochondrial depolarization induces apoptosis, this
prompted us to measure apoptosis in bEnd.3 cells.
Annexin V/PI-labeled bEnd.3 cells analyzed by flow
cytometry show four quadrants (Fig. 4C (i—iv)) that
represent necrotic cells (top left), cells in late apoptotic
phase (top right), live cells (bottom left), and cells in
early apoptotic phase (bottom right). OGD 6 h/24 h
reoxygenation challenge resulted a significant increase
in late apoptotic cells (Fig. 4C (i-iii)), whereas ATN-
161 treatment significantly inhibited the cells undergoing
apoptosis (Fig. 4C (iv, v)). Further, OGD 6 h/24 h reoxy-
genation challenge resulted in a slight increase of early
apoptotic cells (p =0.82) and necrotic cells (p =0.23),
whereas with ATN-161 (10 uM) treatment a slight
decrease in OGD/R-induced early apoptotic (p=0.38)
and necrotic population was observed (p =0.39). This
effect may be due to inhibition of inflammation and oxi-
dative stress.

ATN-161 Attenuates OGD/R-mediated p-FAK
and p-AKT Signaling in bEnd3 Cells

aS5P1 integrin regulates cell survival and prolifera-
tion signaling via phosphorylation of AKT and FAK [23,
24]. To understand the role of FAK and AKT signaling,
the OGD/R-exposed bEnd.3 cell lysates at each time
point were analyzed by western blotting using antibod-
ies specific to phosphorylated forms of FAK and AKT.
We determined that p-FAK was induced during OGD 6 h
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with reoxygenation at 24 h, whereas p-AKT levels were
induced in OGD 6 h with reoxygenation at 18 h and 24 h
compared with bEnd.3 cells maintained in normal condi-
tion (Fig. 5A (i) and C (i)). Protein levels were quanti-
fied by densitometry and normalized to total FAK/AKT
(Fig. 5A (ii) and C (ii)). Furthermore, pretreatment with
ATN-161 (10 uM) for 1 h before OGD and during OGD
6 h/24 h reoxygenation significantly inhibited p-FAK
(Fig. 5B (i-ii)), while pretreatment with 5 and 10 uM
ATN-161 also significantly inhibited OGD/R-induced
p-AKT (Fig. 5D (i-ii)).

ATN-161 Inhibits OGD/R-induced Fibrosis
in bEnd.3 Cells

a5 induces fibrosis and ECM deposition in stroke,
hypoxia, and ischemia reoxygenation [8, 10, 25]. Hence,
we further analyzed fibrosis in OGD/R-challenged
bEnd.3 cells by estimation of fibronectin and MMP-9
levels. Fibronectin levels were significantly induced
in 6 h OGD with 6 and 24 h reoxygenation (Fig. 6A
(i-ii)). ATN-161 (10 uM) treatment significantly inhib-
its OGD/R-induced fibronectin upregulation (Fig. 6B
(i—ii)). Immunofluorescence staining was measured for
fibronectin and MMP-9 after OGD/R and representative
fluorescence images show highly induced fibronectin
and MMP-9 in OGD/R treated cells compared to cells
with vehicle or ATN-161 treatment (Fig. 6C (i—iii)
and D (i—iii)). ATN-161 treatment significantly inhib-
its OGD/R-induced fibronectin and MMP-9 cellular
expression (Fig. 6C (iv—v) and D (iv—v)).

ATN-161 Inhibits OGD/R-induced Tight
Junction Loss in bEnd3 Cells

a5pl-induced ECM deposition leads to BBB
breakdown by tight junction protein loss in vivo [10,
26, 27]. Hence, we further analyzed the tight junction
proteins claudin-5 and ZO-1 in OGD/R-treated bEnd.3
cell lysates collected from 6 h OGD followed by dif-
ferent reoxygenation time points and noted decreased
expression of claudin-5 at 6 h OGD/6 h reoxygenation
whereas ZO-1 loss was observed at various time points
of reoxygenation compared with cells in normal con-
dition (Fig. 7A (i-ii) and D (i-ii)). ATN-161 (10 uM)
treatment significantly attenuates the OGD/R induced
claudin-5 and ZO-1 tight junction proteins disrup-
tion (Fig. 7B (i—ii) and E (i—ii)). Immunofluorescence
staining also confirmed that OGD/R reduces levels of
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Fig. 4 ATN-161 protects mitochondrial membrane integrity and apoptosis in bEnd.3 cells. bEnd.3 cells were pretreated with vehicle or ATN-161
(10 uM) for 1 h before OGD and during OGD 6 h/reoxygenation 24 h and cells harvested and fixed for transmission electron microscopy (TEM),
and live cells measured for mitochondrial membrane potential, and apoptosis using annexin V/propidium iodide (PI) labeling by flow cytometric
analysis. A Representative TEM images show the presence of abnormal mitochondria following OGD/R insult with increase in mitochondrial size
with vacuolations, and disorganized cristae compared with control or ATN-161-treated cells (A, i—iii), whereas ATN-161 treated cells with OGD/R
showed healthier mitochondrial with organized cristae (A, iv). Scale bar=A (i-iv) 0.5 pm and A (v-viii) 200 nm. B Mitochondrial depolariza-
tion in live cells was measured using JC-1 dye by fluorescence microscopy, representative fluorescence images show cells with more depolarized
mitochondria were identified by green fluorescence in OGD/R challenged cells compared to cells with vehicle or ATN-161 treatment (B, ix—xi). B
(xii) ATN-161 treatment with OGD/R has less depolarized cells. B (xiii) Cells with depolarized mitochondria with green fluorescence quantified as
the percentage of the total cell number using the ImageJ software. C (i—iv) Apoptosis by flow cytometry analysis of cells stained with Annexin V/
PI. Each figure shows four quadrants and quantification data are represented: necrotic (top left), late apoptotic phase (top right), live (bottom left),
and early apoptotic phase (bottom right) cell populations. C (v) The quantification of Annexin V/PI staining shows increase in percent of cells in
late apoptosis with OGD/R challenged cells compared to control or ATN-161-treated cells, whereas ATN-161 treatment significantly inhibits late
apoptosis population with OGD/R treatment. Error bars represent the mean+ SEM from three independent experiments. * p <0.05, *** p <0.001vs
control or vehicle; # p <0.05, ## p <0.01 vs OGD/R; 10X magnification, scale bar=100 pm.
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Fig. 6 ATN-161 inhibits OGD/R induced fibrosis in bEnd.3 cells. A (i) Western blot images show fibronectin levels induced in 6 h OGD with
reoxygenation of 6 and 24 h compared with bEnd.3 cells maintained in normal condition. A (ii) Immunoblot quantification shows OGD 6 h with
6 and 24 h reoxygenation significantly induces fibronectin levels. B (i) The cells were pretreated with vehicle or ATN-161 (5, 10, 25, and 50 uM)
for 1 h before OGD and during OGD 6 h/reoxygenation 24 h and measured for fibronectin by western blot. B (ii) The immunoblot quantification
shows ATN-161 treatment at 10 uM significantly inhibits OGD/R induced fibronectin levels. C Fibronectin cellular expression in bEnd.3 cells was
measured after OGD 6 h/reoxygenation 24 h by immunofluorescence. C (i-iii) Representative fluorescence images show highly induced fibronec-
tin in OGD/R challenged cells compared to cells with vehicle or ATN-161 (10 pM) treatment. C (iv) ATN-161 treatment significantly inhibits
OGDV/R induced fibronectin expression; 60 X magnification, scale bar=10 pm. C (v) Quantification of fibronectin fluorescence per cell as in C (iv).
D MMP-9 cellular expression in bEnd.3 cells was measured after OGD 6 h/reoxygenation 24 h by immunofluorescence. D (i-iii) Representative
fluorescence images show highly induced MMP-9 in OGD/R challenged cells compared to cells with vehicle or ATN-161 (10 uM) treatment. D (iv)
ATN-161 treatment significantly inhibits OGD/R induced MMP-9 expression. D (v) Quantification of MMP-9 fluorescence per cell as in D iv. Error
bars represent the mean + SEM from three independent experiments. * p <0.05 vs control or vehicle; # p <0.05 vs OGD/R; 40 X magnification, scale
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«Fig.7 ATN-161 inhibits OGD/R induced tight junction loss in bEnd.3
cells. Claudin-5 and ZO-1 levels were measured by western blot and
fluorescence microscopy in bEnd.3 cell lysates with OGD 6 h followed
by reoxygenation at different time points and from OGD/R 6 h-ATN-
161 treatments. A (i) Western blot shows reduced expression of clau-
din-5 at 6 h OGD and OGD 6 h with reoxygenation of 4 and 6 h com-
pared with bEnd.3 cells maintained in normal condition (fibronectin
blot from Fig. 6A was reprobed for claudin-5 in A). A (ii) Immunoblot
quantification shows OGD 6 h with 4 and 6 h reoxygenation signifi-
cantly decreased claudin-5 levels. B (i) The cells were pretreated with
vehicle or ATN-161 (5, 10, 25, and 50 uM) for 1 h before OGD and
during OGD 6 h/reoxygenation 6 h and measured for claudin-5 by
western blot. B (i) Immunoblot quantification shows ATN-161 treat-
ment at 10 uM significantly inhibits OGD/R induced claudin-5 loss.
C Claudin-5 cellular expression in bEnd.3 cells was measured after
OGD 6 h/reoxygenation 6 h by immunofluorescence. C (i—iii) Repre-
sentative fluorescence images show downregulation of claudin-5 pro-
tein levels in OGD/R challenged cells compared to cells with vehicle
or ATN-161 (10 pM) treatment. C (iv) ATN-161 treatment signifi-
cantly inhibits OGD/R induced tight junction loss; 60X magnification,
scale bar=10 pm. C (v) Claudin-5 fluorescence per cell was quanti-
fied using the ImageJ software. D (i) Western blot shows that ZO-1
levels decreased at 6 h OGD and OGD 6 h with reoxygenation of 2,
6, 18, and 24 h compared with bEnd.3 cells maintained in normal
condition. D (ii) Immunoblot quantification shows OGD 6 h with 2,
6, 18, and 24 h reoxygenation significantly decreased ZO-1 levels. E
(i) The cells were pretreated with vehicle or ATN-161 (5, 10, 25, and
50 uM) for 1 h before OGD and during OGD 6 h/reoxygenation 6 h
and measured for ZO-1 by western blot. E (ii) Immunoblot quantifica-
tion shows ATN-161 treatment at 10 pM significantly inhibits OGD/R
induced ZO-1 loss. F ZO-1 cellular expression in bEnd.3 cells was
measured after OGD 6 h/reoxygenation 6 h by immunofluorescence.
F (i-iii) Representative fluorescence images show downregulation of
ZO0-1 protein levels in OGD/R challenged cells compared to cells with
vehicle or ATN-161 (10 pM) treatment. F (iv) ATN-161 treatment sig-
nificantly inhibits OGD/R induced ZO-1 loss. F (v) ZO-1 fluorescence
per cell was quantified using the Imagel] software. Error bars repre-
sent the mean+SEM from three independent experiments. * p<0.05,
*#* p<0.01, #* p<0.001, **** p<0.0001vs control or vehicle; #
p<0.05, vs OGD/R; 40 x magnification, scale bar =25 pm.

tight junction proteins claudin-5 and ZO-1 at OGD/R
compared to cells with vehicle or ATN-161 treatment
(Fig. 7C (i—iii) and F (i—-iii)) whereas ATN-161 treat-
ment significantly inhibited OGD/R induced tight
junction loss (Fig. 7C (iv—v) and F (iv—v)).

DISCUSSION

I/R injury leads to an inflammatory response that
triggers oxidative stress, apoptosis, mitochondrial damage,
ECM degradation, and disruption of tight junction integrity,
which causes BBB breakdown and brain damage. Struc-
turally, tight junctions between endothelial cells play an

important role in maintaining the integrity of the BBB. The
BBB comprises brain microvascular endothelial cells that
interact with astrocytes, neurons, and pericytes [24, 28-30].
Hence, we used the mouse-derived BMVEC bEnd.3 cells in
this study, a widely used in vitro model for brain endothelial
cell signaling in BBB investigations [24, 31].

Recent basic and clinical studies have provided
significant progress in our understanding of mecha-
nisms operational in inflammation, oxidative stress,
and associated tissue remodeling, including fibrosis, in
stroke pathology. However, there remains a great need
for a better mechanistic and therapeutic understanding
of ECM signaling in I/R injury and stroke pathology. To
date, the main therapies for stroke and I/R include tissue
plasminogen activator and/or endovascular thrombectomy
[1, 2, 32, 33] These treatments remove the blood vessel-
obstructing thrombus but fail to impact secondary I/R
that results from an influx of factors including calcium,
cytokines, ROS, growth factors, and matrix metallopro-
teinases (MMPs) that induce ECM degradation, leuko-
cyte infiltration, and apoptotic cascades. [34, 35]. These
processes destabilize the BBB. Although these therapies
appear to be effective, not all patients are responsive to
treatment. Our preclinical studies show an additional
treatment strategy for I/R and stroke pathology using the
small peptide ATN-161, which has been widely tested
in clinical studies in cancer patients [36, 37]. Hence, we
further aimed to investigate the mechanistic action of
ATN-161 in bEnd.3 cells exposed to OGD/R.

Previous research by Donate et al. showed that ATN-
161 exhibits a U-shaped dose response curve in vitro and
where doses equivalent to 1-10 mg/kg produced the most
significant reduction in activity (angiogenesis and tumor
growth) [36]. Another study by Cianfrocca et al. demon-
strated in their preclinical efficacy models that ATN-161
exhibited a U-shaped (inverted bell shape) dose—response
curve. The study reported the results of a first-in-humans
phase 1, dose escalation, pharmacokinetic study of thrice
weekly i.v. ATN-161 in patients with advanced cancer.
Patients were treated at doses ranging from 0.1 to 16 mg/
kg [37]. Based on these previous researches, in our recent
study, we used a concentration of ATN-161 (1 mg/kg) and
it showed benefit following experimental ischemic stroke
in mice [8]. However, additional stroke dose-response
studies should be performed. Likewise, additional studies
addressing ATN-161’s therapeutic window, and potential
long-term effects, need to be conducted.

In the present study, we performed OGD/R in
bEnd.3 cells to mimic I/R injury in vitro. We observed
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Fig. 8 Proposed mechanism by which ATN-161 ameliorates OGD/R-induced inflammation, oxidative stress, apoptosis, mitochondrial depolariza-
tion, and fibrosis mediated tight junction disruption via inhibition of integrin a5, NLRP3, and p-FAK in bEnd.3 cells.

that (1) OGD/R-induced brain endothelial cell injury
via induction of a5, accompanied by the activation of
the NLRP3 inflammasome, (2) OGD/R-induced a5 and
NLRP3-induced oxidative stress, mitochondrial dam-
age, and apoptosis in bEnd.3 cells. (3) The OGD/R-
induced stress responses further activated p-FAK and
p-AKT, induced fibrosis by upregulation of fibronectin
and MMP-9, and disruption of tight junctions; and (3)
Inhibition of OGD/R induced a5 activation by treatment
of bEnd.3 cells with ATN-161 prevented bEnd.3 damage
by suppressing the up-regulation of a5, NLRP3, and fur-
ther inhibited oxidative stress, apoptosis, mitochondrial
damage, reduced fibrosis by inhibition of fibronectin and
MMP-9 induction, and tight junction loss by restoration
of claudin-5, and ZO-1, potentially via inhibition of phos-
phorylation of FAK and AKT proteins. Taken together,
our results provide mechanistic evidence that endothelial
cell damage is reduced by inhibiting the activation of a5
with ATN-161 during OGD/R.

Previous studies shown that a5p1 expression was
highly upregulated in hypoxia and stroke models [8, 10,
25]. Our group previously showed that integrin a5p1 elimi-
nation in endothelial-specific knockout (a5p1-EC-KO)
mice showed resistance to ischemic stroke injury via
restoration of tight junction protein claudin-5 and exhib-
ited minimal to no disruption of the BBB barrier [11]. In
another study, we showed that a5f1 inhibition by ATN-161
in a mouse model of ischemic stroke is beneficial through

reduction of brain a5p1 expression, BBB disruption,
CD45" leukocytes brain extravasation, edema, and fibrosis.
In our present study, we similarly observed that OGD/R-
induced a5p1 protein induction and cellular expression
which could also be inhibited by ATN-161 treatment.
Inflammation is a critical mediator in I/R injury, and
we previously observed that ATN-161 inhibits I/R-induced
IL1pB, CXCL12, and CD45" leukocytes [8, 38—40]. In the
present study, we observed that OGD/R induced NLRP3
inflammasome induction and cellular expression whereas
ATN-161 significantly inhibited OGD/R induced NLRP3
inflammasome levels. Our result is in agreement with a
previous study that showed that ATN-161 inhibits VEGF-
induced retinal neovascularization in a mouse model by
inhibiting integrin a5p1 and the NLRP3 inflammasome
[41]. Another study by Mortimer et al. reported that RGD-
binding integrin a5p1 is required for Entamoeba histolytica
(Eh) to activate the NLRP3 inflammasome [42, 43].
Inflammation induces oxidative stress [44], and a pre-
vious report shows that a5p1 lentivirus transduction to rat
bone marrow mesenchymal stem cells increase free radical
nitric oxide production [45]. Here, we observed that OGD/R
induced mitochondrial superoxide generation and intracellu-
lar ROS production where as ATN-161 significantly inhibited
OGD/R induced superoxide radical and ROS production.
Mitochondria are an important source for ROS, mito-
chondrial metabolism generated electrons transport diverts
to the formation of superoxide [46], and the production of
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ROS accompanied by changes in mitochondrial metabo-
lism effects mitochondrial integrity and, depolarization
and induce apoptosis [47, 48]. Therefore, we further ana-
lyzed mitochondrial integrity by TEM, which showed that
OGD/R challenge resulted in disorganized cristae, with
mitochondrial blebbing and vacuolization, whereas ATN-
161 treatment effectively inhibited OGD/R induced mito-
chondrial blebbing, vacuolization, and the mitochondria
observed with organized cristae. We next analyzed the mito-
chondrial depolarization by JC-1 immunofluorescence that
showed OGD/R induced mitochondrial depolarization and
ATN-161 treatment effectively rescued OGD/R induced
mitochondrial depolarization. Furthermore, we measured
cellular apoptosis by flow cytometry and found that OGD/R
increased late apoptotic cell population, which could also be
inhibited by ATN-161 treatment. This is in agreement with
previous reports that have shown that anti-p1 antibodies and
arginine-glycine-aspartic acid (RGD) peptide pretreatment
decreased apoptosis in isolated pancreatic islets cells [49].

OGD/R-mediated integrin engagement induced
inflammation, ROS, and mitochondrial membrane poten-
tial and triggered the signal transduction cascade that regu-
late cell proliferation, differentiation, and death [50]. This
was analyzed by measuring the phosphorylation of FAK
and AKT proteins that play a role in cell proliferation, dif-
ferentiation, and death [24, 51, 52]. In the present study, we
observed that OGD/R induced FAK, and AKT phospho-
rylation, which could be inhibited by ATN-161 treatment.
In line with our observation, a previous study also demon-
strated that OGD/R-induced phosphorylation of both FAK
and AKT at a 24-72 h time point could be inhibited by
o integrin-specific siRNA silencing in bEnd.3 cells [24].

aS5P1 integrins are adhesion receptors for fibronec-
tin and play a critical role in ECM deposition [10, 53]. In
the current study, we measured the fibrosis by immunob-
lotting of fibronectin, which showed that OGD/R induced
fibronectin protein expression, whereas ATN-161 sig-
nificantly inhibited OGD/R-induced fibronectin expres-
sion. Similarly, OGD/R-induced cellular expression of
fibronectin is also significantly inhibited by ATN-161
treatment in bEnd.3 cells. Fibronectin stimulates secre-
tion of MMP-9 by integrin receptor a581, and the block-
ade of a5 abrogated the fibronectin-mediated stimulation
of MMP-9 via inhibition of p-FAK [54]. Hence, we also
measured cellular expression of MMP-9 protein by immu-
nofluorescence and found that OGD/R induces MMP-9
levels, whereas ATN-161 treatment effectively inhibited
MMP-9 levels in OGD/R induced bEnd.3 cells.

Previous studies showed that ischemic stroke,
OGD/R, and hypoxia result in brain endothelial cell tight
junction protein loss [8, 10, 13]. Another interesting study
also demonstrated that a5p1/Z0-1 complex increases
aSp1-fibronectin recruitment [55]. This further prompted
us to measure the tight junction proteins claudin-5 and
Z0-1 upon OGD/R treatment. Immunoblotting analysis
showed downregulation of claudin-5 and ZO-1, whereas
ATN-161 restored tight junction loss in bEnd.3 cells.
Similarly, immunofluorescence analysis also showed
that ATN-161 effectively restored cellular expression of
OGD/R-induced claudin-5 and ZO-1 loss in bEnd.3 cells.
The in vitro observation of tight junction proteins restora-
tion upon ATN-161 treatment are in accordance with our
previous observation showing that ATN-161 treatment
restores ischemic stroke-induced loss of claudin-5 protein
levels [8].

CONCLUSION

Our study identified that OGD/R induced inflam-
mation, oxidative stress, apoptosis, mitochondrial
depolarization, and fibrosis mediated tight junc-
tion integrity, potentially via induction of integrin
a5, NLRP3, p-FAK, and p-AKT signaling in mouse
brain endothelial cells. ATN-161 treatment effectively
inhibited OGD/R induced ECM deposition by reducing
integrin a5, MMP-9 and fibronectin expression, oxida-
tive stress by reducing mitochondrial super oxide radi-
cles, and intracellular ROS, inflammation by reducing
NLRP3 inflammasome, tight junction loss by restoring
claudin-5 and ZO-1 expression levels, and mitochon-
drial damage by inhibiting mitochondrial depolariza-
tion and apoptosis via regulation of p-FAK and p-AKT
levels, as summarized in Fig. 8. Taken together, our
results suggest that inhibition of a5 integrin by ATN-
161 is a promising novel target for the clinical treat-
ment of ischemic stroke. Importantly, ATN-161 was
safe and well-tolerated in several phase I and phase II
clinical oncology studies, supporting its potential as a
“shovel-ready” clinical stroke therapeutic.
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